Recent developments in an external cavity laser diode sensor are discussed. The sensor consists of an external reflector mounted such that the mirror to laser facet distance is smaller than the laser cavity.
Introduction
In this paper we discuss recent developments of another sensor that is primarily a phase sensing device, the external cavity diode laser or simply referred to as a laser diode sensor. 1, 2 A schematic diagram of this device is seen in Fig. 1 . The laser diode sensor consists of a laser diode acting as a coherent light source tightly coupled to an external reflector where d >> L. The presence of the external reflector creates a standing wave which alters the effective facet reflectivity of the laser diode source. A slight change in position of the external reflector alters the phase of the light reflected back into the laser cavity thus, varying the effective laser facet reflectivity, and causing a dramatic change in the output of the laser source.
The output is monitored by a large area photodiode at the opposite output facet.
The characteristics of this device indicate that it may be inexpensively packaged in a small volume yielding micro -radian sensitivity and large dynamic range.
Sensor Operation
The effect of the external reflector on the laser diode performance can be simplified and viewed as a laser with an effective facet reflectivity. 4 The effective reflectivity can be written in terms of the laser waveguide geometry as well as the phase of the light fed back corresponding to the distance d. 
where; Cn is a coupling factor relating each nth reflection to the laser geometry and the phase corresponding to the separation distance d.
An expression relating the diode laser output to its effective mirror reflectivity can now be written by considering the laser rate equation. 2, 3 Such analysis yields the expression for the laser threshold current as a function of facet reflectivity. Ith = A(Yi+ i:n(141R2)) (4) where A = 1.1 x 10-4 and Yi is the internal loss at 10 cm-1.
An approximation of the expected output power of the laser can be written in terms of the threshold current when the slope of the laser output characteristics, no, is Recent developments in an external cavity laser diode sensor are discussed. The sensor consists of an external reflector mounted such that the mirror to laser facet distance is smaller than the laser cavity. This device has micro-radian sensitivity and a large dynamic range. This sensor has been configured to sense acoustic waves, magnetic and electric fields, current, and temperature and acceleration.
Introducti on
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Since the R2 can be rewritten in terms of the effective facet reflectance given by Eq. (1), Eq. (5) is an expression relating the power output as a function of external reflector displacement.
A plot of the calculated effective reflectivity, Re and the power output is shown in Fig. 2 , as a function of external reflector displacement (shown here in terms of radians where k = .83 um).
The calculated data represents a typical CSP laser diode coupled to a 98% reflector within 10 um of the laser facet.
The horizontal line represents the uncoupled laser.
From Fig. 2 , it is seen that for submicron movement, dramatic increases in the light output of the laser is possible. Fig. 3 is a plot of the power output as the external mirror is displaced linearly from the laser facet showing a A/2 periodicity in the output For maximum sensitivity, the external reflector can be optimally positioned by moving the mirror until the output corresponds to point A.
At this point, the output is equivalent to the uncoupled or free running laser.
Slight movements of the reflector in any direction produces substantial changes in the output intensity of the laser.
The sensitivity of this device as a motion sensor (such as an acceleration) is determined by the magnitude of the movement of the reflector with respect to the acceleration and second, by the amplitude of the combined noise sources.
Measurements of the minimum detectable movement of the reflector for the sensor were made by mounting the reflector on a piezoelectric element to allow dc ajustment for maximum sensitivity, and to apply a signal to the position of the external reflector. Using a spectrum analyzer, the frequency dependence of the minimum detectable displacement for the laser diode with a 4% and 98% external reflector placed less than 10 pm from the laser facet were recorded and shown in Fig. 4 .
For the 98% reflector, displacements of about 3.10-4 nm and 9.10-5 nm were measured at 100 Hz and 1 kHz respectively with a 1 Hz bandwidth.
Shown also is the amplitude noise of a low -noise uncoupled laser (solid line) and the corresponding minimum detectable signal of a sensor using this laser as a source. The corresponding (f)-1 /2 dependence of the amplitude noise of the uncoupled laser and the minimum detectable signal in the coupled laser device indicate these devices are limited by the intrinsic amplitude noise of the laser.
The dynamic range of this device is limited by the minimum detectable phase shift (10-6 rad) and the maximum phase shift which is determined by the allowed nonlinearity of the sensing device response (usually chosen to be .1 rad). Thus, the dynamic range is approximately 105. This may be increased using an active feedback circuit to lock the device to the point of maximum sensitivity (phase locked loop). In this case, when the voltage output of the photodetector drifts from the pre -set value for maximum sensitivity, an error voltage is fed back to the piezoelectric which corrects the position of the mirror. 4 With sufficient gain in the electric feedback loop, the maximum phase shift may be increased to about 7r rad.
At low frequencies, a dynamic range of 107 should be obtainable.
Sensor Configuration
The implementation of these principles outlined above to an actual device was found to be rather straight forward.
Several rudimentary sensor configurations were constructed and tested.
The simplicity of these devices was impressive, but in most cases, further design and engineering is required to rid them of unwanted resonances. In some cases, schematic diagrams along with an actual photograph of the device are shown with the response data for the device.
Acoustic Sensor
An external cavity diode laser can be configured as an acoustic sensor by using a thin plyable glass membrane either coated or uncoated as an external reflector.
An acoustic pressure wave incident on the membrane modulates the reflector position with respect to the laser facet producing a change in phase of the optical feedback which is then measured as an intensity modulation by the photoconductor. When the external reflector is tightly coupled, the motion of the reflector is along the direction, perpendicular to the plane of the laser facet, (x).
It is assumed that the displacement is a linear function of pressure; such that Ax = úvp. This configuration requires that the thin membrane is mounted such that it has an adequate frequency response free of mechanical resonances over the frequency region of Since the R2 can be rewritten in terms of the effective facet reflectance given by Eq. (1), Eq. (5) is an expression relating the power output as a function of external reflector displacement. A plot of the calculated effective reflectivity, R e and the power output is shown in Fig. 2 , as a function of external reflector displacement (shown here in terms of n radians where A = .83 urn). The calculated data represents a typical CSP laser diode coupled to a 98% reflector within 10 urn of the laser facet. The horizontal line represents the uncoupled laser. From Fig. 2 , it is seen that for submicron movement, dramatic increases in the light output of the laser is possible. Fig. 3 is a plot of the power output as the external mirror is displaced linearly from the laser facet showing a A/2 periodicity in the output.
For maximum sensitivity, the external reflector can be optimally positioned by moving the mirror until the output corresponds to point A. At this point, the output is equivalent to the uncoupled or free running laser.
Slight movements of the reflector in any direction produces substantial changes in the output intensity of the laser. The sensitivity of this device as a motion sensor (such as an acceleration) is determined by the magnitude of the movement of the reflector with respect to the acceleration and second, by the amplitude of the combined noise sources.
Measurements of the minimum detectable movement of the reflector for the sensor were made by mounting the reflector on a piezoelectric element to allow dc adjustment for maximum sensitivity, and to apply a signal to the position of the external reflector. Using a spectrum analyzer, the frequency dependence of the minimum detectable displacement for the laser diode with a 4% and 98% external reflector placed less than 10 nm from the laser facet were recorded and shown in Fig. 4 . For the 98% reflector, displacements of about 3.10-4 nm and 9.1Q-5 nm were measured at 100 Hz and 1 kHz respectively with a 1 Hz bandwidth.
Shown also is the amplitude noise of a low-noise uncoupled laser (solid line) and the corresponding minimum detectable signal of a sensor using this laser as a source. The corresponding (f)~^/^ dependence of the amplitude noise of the uncoupled laser and the minimum detectable signal in the coupled laser device indicate these devices are limited by the intrinsic amplitude noise of the laser.
The dynamic range of this device is limited by the minimum detectable phase shift (10-6 rad) and the maximum phase shift which is determined by the allowed nonlinearity of the sensing device response (usually chosen to be .1 rad). Thus, the dynamic range is approximately 10^. This may be increased using an active feedback circuit to lock the device to the point of maximum sensitivity (phase locked loop). In this case, when the voltage output of the photodetector drifts from the pre-set value for maximum sensitivity, an error voltage is fed back to the piezoelectric which corrects the position of the mirror.^ With sufficient gain in the electric feedback loop, the maximum phase shift may be increased to about TT rad. At low frequencies, a dynamic range of 10? should be obtainable.
Sensor Configuration
The implementation of these principles outlined above to an actual device was found to be rather straight forward. Several rudimentary sensor configurations were constructed and tested. The simplicity of these devices was impressive, but in most cases, further design and engineering is required to rid them of unwanted resonances. In some cases, schematic diagrams along with an actual photograph of the device are shown with the response data for the device.
Acoustic Sensor
An external cavity diode laser can be configured as an acoustic sensor by using a thin plyable glass membrane either coated or uncoated as an external reflector. An acoustic pressure wave incident on the membrane modulates the reflector position with respect to the laser facet producing a change in phase of the optical feedback which is then measured as an intensity modulation by the photoconductor. When the external reflector is tightly coupled, the motion of the reflector is along the direction, perpendicular to the plane of the laser facet, (x). It is assumed that the displacement is a linear function of pressure; such that ^x = i^Ap. This configuration requires that the thin membrane is mounted such that it has an adequate frequency response free of mechanical resonances over the frequency region of interest. The laser facet need not be antiref1ection coated to produce good results.
A photograph of a laboratory device is shown in Fig. 5 .
The laser is mounted on an orthogonal gimbal to provide the required alignment for good coupling with the external reflector.
A piezoelectric cylinder positions the laser providing a separation distance for maximum sensitivity.
The operating point for maximum sensitivity is obtained by observing the output from the rear laser facet with a photodetector mounted inside of the piezoelectric cylinder.
As the laser is moved closer to the reflector an output response similar to Fig. 3 is observed, and maximum sensitivity set. The position of maximum sensitivity, referred to as quadrature, can be easily maintained by means of an active feedback circuit connected between the photodetector and the piezoelectric cylinder.
A typical response is shown in Fig. 6 where a calibrated constant output acoustic source was used to drive the acoustic sensor.
The device's response was similar over four orders of magnitude of acoustic sensitivity. A number of resonances (attributed to vibration resonances of the flexible glass membrane) were noted.
Careful design of the membrane will be necessary to move the resonances to higher frequencies yet still maintain a high degree of sensitivity.
The minimum detectable signal as a function of frequency for this device is plotted as the solid line in Fig. 4 .
The sensor interaction area can be increased somewhat in an alternative cavity configuration where a fiber coupled reflector is used for the extended cavity.
Hydrophone
A simple hydrophone has been constructed using a configuration similar to the acoustic sensor described previously.
A photograph of the device showing a partially disassembled view is seen in Fig. 7 .
This device was made considerably smaller than the previous laboratory acoustic sensor.
Coupling alignment of the diode laser and the external reflector is achieved by three alignment screws orthogonally mounted.
Maximum sensitivity is set with the piezoelectric cylinder.
The entire mechanical configuration was immersed in castor oil and the housing pumped down to prevent air bubbles from forming in the oil.
A flexible reflective membrane of gold coated mylar 1 mil thick was used as the reflector and interface with the water.
A small hole .2 mm in diameter was drilled in the side of the housing to serve as a means to balance the static pressure on either side of the membrane. The hole size was designed such that its resonant frequency would be well above the frequency region of interest.
The configuration is shown schematically in the insert in The response to underwater acoustic waves for a device similar to the one shown in Fig. 7 is shown in Fig. 8 .
Magnetic Sensor
In this sensor, the reflector is attached to an element whose magnetic properties are such that the presence of a magnetic field displaces the reflector, with the displacement being proportional to the magnetic field strength.
One simple method of achieving this result is shown in Fig. 9 .
The modulation of the reflector position is achieved by mounting the reflector on one end of a short piece of thin -walled nickel tubing.
The other end is attached to a piezoelectric element which is securely fixed to the substrate on which the laser is mounted.
As with the sensors previously described, this device is kept at maximum sensitivity by adjusting the voltage on the piezoelectric element.
In this type of sensor, the term of interest is the first order sensitivity of the function which relates the change in the magnetostricition to the applied time -varying magnetic field H1 and the applied bias field Ho. By analysis of the vx /x vs magnetic field strength curves for various materials, it is possible to identify regions of steep slope in which a small change of AH results in a maximum dimensional change in Ax/x.
For pure Ni the bias field at which this change in length is a maximum is 3 Gauss.
At this bias field strength ux /x = 2.9 x 10-6 H1, where H1 is measured in Gauss.
Consequently, if a 1 cm Ni tube is used, then AL = 2.9 x 10 -8 m for a 1 Gauss magnetic field; this displacement would result in a 0.22 rad phase change.
Therefore, if a 2 x 10-6 rad phase shift were desirable, then the minimum detectable magnetic field would be 10-5 Gauss.
By constructing the magnetostrictive translation element from material with a larger magnetostrictive constant such as metallic glasses, sensitivities may be increased by one or two orders of magnitude.
The frequency response of the sensor is shown in Fig. 10 , at these bias magnetic field strengths.
The frequency response was flat up to approximately 900 Hz where the resonance of a part of the structure supporting the Ni tube is observed.
The longitudinal resonance of the Ni tube itself was calculated to be about 10 kHz.
The nickel tube was annealed to remove residual internal stresses prior to the sensors construction.
The measured sensitivity at 500 Hz, i.e., below the lowest resonant frequency was 4 x 10-5 Gauss, whereas the predicted sensitivity was approximately 6 x 10-6 Gauss.
It should also be noted that the bias field required for maximum sensitivity is 30 Gauss, which is approximately a factor of 10 greater than the 3 Gauss published for pure Ni.
It is known that the presence of small amounts of iron can expand the characteristic magnetostrictive curves of nickel along 30 A photograph of a laboratory device is shown in Fig. 5 . The laser is mounted on an orthogonal gimbal to provide the required alignment for good coupling with the external reflector. A piezoelectric cylinder positions the laser providing a separation distance for maximum sensitivity. The operating point for maximum sensitivity is obtained by observing the output from the rear laser facet with a photodetector mounted inside of the piezoelectric cylinder. As the laser is moved closer to the reflector an output response similar to Fig. 3 is observed, and maximum sensitivity set. The position of maximum sensitivity, referred to as quadrature, can be easily maintained by means of an active feedback circuit connected between the photodetector and the piezoelectric cylinder.
A typical response is shown in Fig. 6 where a calibrated constant output acoustic source was used to drive the acoustic sensor. The device's response was similar over four orders of magnitude of acoustic sensitivity. A number of resonances (attributed to vibration resonances of the flexible glass membrane) were noted. Careful design of the membrane will be necessary to move the resonances to higher frequencies yet still maintain a high degree of sensitivity. The minimum detectable signal as a function of frequency for this device is plotted as the solid line in Fig. 4 . The sensor interaction area can be increased somewhat in an alternative cavity configuration where a fiber coupled reflector is used for the extended cavity.
Hyd rophone
A simple hydrophone has been constructed using a configuration similar to the acoustic sensor described previously. A photograph of the device showing a partially disassembled view is seen in Fig. 7 . This device was made considerably smaller than the previous laboratory acoustic sensor. Coupling alignment of the diode laser and the external reflector is achieved by three alignment screws orthogonally mounted. Maximum sensitivity is set with the piezoelectric cylinder. The entire mechanical configuration was immersed in castor oil and the housing pumped down to prevent air bubbles from forming in the oil. A flexible reflective membrane of gold coated mylar 1 mil thick was used as the reflector and interface with the water. A small hole .2 mm in diameter was drilled in the side of the housing to serve as a means to balance the static pressure on either side of the membrane. The hole size was designed such that its resonant frequency would be well above the frequency region of interest. The configuration is shown schematically in the insert in Fig. 8 . The response to underwater acoustic waves for a device similar to the one shown in Fig. 7 is shown in Fig. 8 .
Magnetic Sensor
In this sensor, the reflector is attached to an element whose magnetic properties are such that the presence of a magnetic field displaces the reflector, with the displacement being proportional to the magnetic field strength. One simple method of achieving this result is shown in Fig. 9 . The modulation of the reflector position is achieved by mounting the reflector on one end of a short piece of thin-walled nickel tubing. The other end is attached to a piezoelectric element which is securely fixed to the substrate on which the laser is mounted. As with the sensors previously described, this device is kept at maximum sensitivity by adjusting the voltage on the piezoelectric element.
In this type of sensor, the term of interest is the first order sensitivity of the function which relates the change in the magnetostricition to the applied time-varying magnetic field HI and the applied bias field H 0 . By analysis of the A&/JI vs magnetic field strength curves for various materials, it is possible to identify regions of steep slope in which a small change of AH results in a maximum dimensional change in &&/*. For pure Ni the bias field at which this change in length is a maximum is 3 Gauss. At this bias field strength /u/ a = 2.9 x 10~6 H], where H] is measured in Gauss. Consequently, if a 1 cm Ni tube is used, then ^L = 2.9 x 10~^ m for a 1 Gauss magnetic field; this displacement would result in a 0.22 rad phase change. Therefore, if a 2 x 10~6 rad phase shift were desirable, then the minimum detectable magnetic field would be 10~5 Gauss. By constructing the magnetostrictive translation element from material with a larger magnetostrictive constant such as metallic glasses, sensitivities may be increased by one or two orders of magnitude.
The frequency response of the sensor is shown in Fig. 10 , at these bias magnetic field strengths. The frequency response was flat up to approximately 900 Hz where the resonance of a part of the structure supporting the Ni tube is observed. The longitudinal resonance of the Ni tube itself was calculated to be about 10 kHz. The nickel tube was annealed to remove residual internal stresses prior to the sensors construction. The measured sensitivity at 500 Hz, i.e., below the lowest resonant frequency was 4 x 10~5 Gauss, whereas the predicted sensitivity was approximately 6 x 10" 6 Gauss. It should also be noted that the bias field required for maximum sensitivity is 30 Gauss, which is approximately a factor of 10 greater than the 3 Gauss published for pure Ni. It is known that the presence of small amounts of iron can expand the characteristic magnetostrictive curves of nickel along the magnetic field axis. Impurities can also have the effect of reducing the relative length change thus reducing the magnetostrictive constant of the nickel. The observed sensitivity of the sensor and the large bias field are probably due to small amounts of impurity in the nickel used.
Current Sensor
The current sensor acts in a similar manner to the magnetic field sensor.
A coil of wire through which the current to be detected is passed, is wrapped around the magnetostrictive element in the magneitc sensor described above.
The sensor then detects the magnetic field associated with the current passing through the wire.
Consequently, the frequency response curve is identical to that of the magnetic sensor; again a dc bias magnetic field is used to decrease the sensitivity.
The absolute sensitivity of the device is dependent on the coil configuration, but typically current in the 10-5 to 10 A range may be measured.
Acceleration Sensor
The diode laser sensor was also configured to act as a single axis accelerometer.
A photograph of the simple device is shown in Fig. 11 .
The external reflector is mounted on a short 4 mm cantilever arm; the external reflector, approximately 1 mm2, also acts as the mass at the end of the cantilever.
An acceleration along the axis of the laser cavity perturbs the position of the reflector from its rest position, thus producing the detectable phase shift.
In the device shown, the maximum sensitivity position was achieved by adjustment of the screws shown.
The stability was such that once adjusted, the sensitivity remained constant for many minutes. In a practical device a method of phase compensation would be required.
The cantilever construction ensures that the device will not respond to cross axis accelerations.
A typical response of the 4 mm cantilever arm is shown in Fig. 12.
The sensitivity in terms of rad /g is independent of frequency below the resonance observed at -500 Hz.
This value for the resonant frequency agrees with that calculated for the mechanical model described above. For this model, the resonant frequency varies inversely to the square root of the sensitivity.
Therefore, an increase in the resonant frequency by a factor of two reduces the sensitivity by a factor of four.
For any particular application, this relationship will determine the ultimate sensitivity of the device.
Using the sensitivity of -5.8 rad /g obtained from Fig. 12 , a minimum detectable acceleration of -1 µg is calculated for a frequency of 100 Hz. As with the devices previously described, the sensor responded linearly to the magnitude of the applied acceleration over -5 orders of magnitude.
Summary
In summary, we have discussed recent advancements in a new type of sensor.
This sensor consists of an external reflector placed within a few wavelengths of the laser facet. This device senses a change in phase of the light fed back from the mirror as an external field perturbs its position with regard to the laser facet. These devices typically can measure a phase shift on the order of 10-6 rad with a dynamic range of 105.
When the reflector is well coupled to the laser cavity, the sensitivity of this device is dependent upon the magnitude of the movement of the mirror to the incident field and the amplitude noise of the laser source itself.
In the devices tested above, in nearly all cases, sensitivity was limited by the intrinsic amplitude noise of the laser.
These devices can be configured to sense many varying fields and conditions.
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External reflector position for maximum sensitivity is indicated by point A.
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